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Abstract 
The use of cryogenic heat treatments is not nowadays common in the manufacture of forging dies and other kind of 
tools though it has been recognized that they can reduce or eliminate retained austenite and also promote the
formation of very small carbides, improving the general mechanical properties of the steels. 
The hardness, strength and the fracture toughness of an H13 tool steel submitted to different heat treatments, 
including cryogenic ones, were evaluated in this research work and the obtained results were explained based on 
microstructure modifications (carbide size and distribution, retained austenite, etc.) and differences on the operative 
fracture micromechanisms. 
© 2014 The Authors. Published by Elsevier Ltd. Selection and peer
review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of Structural Engineering. 
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1. Introduction 
Hot forging manufacturing involves extreme working conditions which give rise to several damage mechanisms 
that reduce the life of the tools. According to Sirgaokar (2008) and Bayramoglu et al. (2008), die costs represent 
between 15 and 30% of the total costs for a closed die forging process. As a result, there is a need to maximize the 
lifetime of the dies in order to increase the productivity of the shop. 
It is recognized that the application of cryogenic treatments to tool steels gives the following benefits, whatever 
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the type of tool steel and the sequence of application: decreasing the retained austenite content, fine and uniformly 
carbide distribution and microstructure homogenization. Reducing the retained austenite content is very convenient 
as it enhances the dimensional stability of the dies, as reported by Surberg et al. (2008), given way to the increase of 
their lifetimes. On the other hand, modifying the carbide distribution pattern seems to be the main advantage of 
cryogenic treatments since it affects positively to the hardness, mechanical strength, fracture toughness and structure 
homogeneity. Finally, as a consequence of the retained austenite transformation and the optimal carbide distribution, 
Baldissera et al. (2008) indicated that cryogenic treatments produce a more homogeneous structure which delays the 
nucleation of cracks, increasing the fatigue life of the tool. 
 
Nomenclature 
SENB Single Edge Notched Bend specimen 
TT Thermal treatment 
KIC Fracture toughness (mode I) 
SEM Scanning Electron Microscopy  
E Young´s modulus 
Vys Yield strength 
VUTS Ultimate tensile strength 
e Elongation 
Z Reduction of area 
LEFM Linear Elastic Fracture Mechanic 
I Diameter 
2. Materials and methods 
2.1. Material  
The studied material was an H13 steel, typically used to make hot forging dies. The steel chemical composition is 
shown in Table 1. 
Table 1. H13 steel chemical composition. 
%C %Si %Mn %Cr %Mo %V 
0.39 1.0 0.4 5.2 1.4 0.9 
 
Tensile and fracture (SENB) specimens were subjected to different quenched and tempered treatments. Four 
different thermal treatments were applied (austenitizing at 1020ºC during 30 minutes, quenching and three 
tempering at 590ºC during 2 h): 
x Gas quenching and triple tempering (TT1). 
x Gas quenching, cryogenic treatment (-196ºC during 12 h) and triple tempering (TT2). 
x Oil quenching and triple tempering (TT3). 
x Oil quenching, cryogenic treatment (-196ºC during 12 h) and triple tempering (TT4). 
2.2. Mechanical characterization 
Tensile tests were performed on 10 mm diameter cylindrical tensile specimens, with a calibrated region of 70 
mm, using a MTS tensile machine, provided with a 250kN load cell, at a drive speed of 2 mm/min. Three specimens 
were tested for each thermal treatment. Both, the experimental procedure and the characteristic parameters 
determination, were performed in accordance with the UNE-EN ISO 6892-1:2009 standard. 
As the H13 steel is quite brittle according to Roberts et al. (1998) and Bergeron et al. (2004), the KIC fracture 
toughness test (ASTM E1820-09 standard) was selected. 
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Three 3-point bending specimens (SENB type) were tested for each thermal treatment, with a width (W) of 40 
mm, a thickness (B) of 20 mm and a crack size-to-width ratio (a/W) of 0.45. Tests were carried out in a MTS tensile 
machine, with a 100 kN load cell, at a rate of 0.5 mm/min. 
Finally, the steel hardness was determined by means of the Rockwell C hardness test. Samples were extracted 
from the non-strained central section of the SENB specimens, once the fracture toughness test was completed. Five 
indentations were made in the thickness direction using a HOYTOM hardness tester under a load of 150 kg.  
2.3. Microstructural characterization 
Metallographic samples were prepared from the non-strained central section of the SENB specimens. They were 
ground, polished with diamond paste and etched with Picral. All the samples were observed in a Nikon Epiphot 200 
optical microscope, and also on a FEG-SEM Carl Zeiss GEMINI microscope. 
2.4. Fractographic analysis 
Fracture surfaces from the SENB specimens were analysed in a JEOL-5600 scanning electron microscope at 
different magnifications.  
2.5. Retained austenite measurements 
X-ray diffraction analysis by means of the Stresstech XSTRESS 3000 G3R diffractometer was used to calculate 
the retained austenite content of the steels. The applied experimental procedure followed the ASTM E975-03 
standard. Samples cut from the non-strained central section of the SENB specimens were ground and polished and 
the residual austenite content was measured using the four peaks method (two peaks of the ferrite and two peaks of 
the austenite) under the parameters shown in Table 2. 
Table 2. X-ray diffraction parameters for retained austenite measurement. 
Radiation Cr KD Carbides (%) 0 
Filter Vanadium I collimator (mm) 5 
Austenite measured planes (220) (200) Diffraction angles of austenite (2T(º) 130 80 
Ferrite measured planes (211) (200) Diffraction angles of ferrite (2T(º) 156.4 106.1 
 
The obtained results are only comparative, since the presence of carbides has not been considered. As a result of 
this approach, the real retained austenite content is slightly lower than the calculated values. 
3. Results 
The tensile test results (elastic modulus, yield strength, ultimate tensile strength, elongation and area reduction) 
are shown in Table 3. Differences among the four thermal treatments were not significant. 
Table 4 gathers the KIC fracture toughness results. The Load-COD curves obtained in these tests were completely 
linear until the sudden fracture of the specimens. All the tests met the demanded requirements in order to obtain a 
fracture toughness parameter (linear elastic fracture mechanics). 
The Rockwell C hardness results are shown in Table 5 and the measured residual austenite content can be seen in 
Table 6. As a result of the triple tempering applied to the H13 steel, the final residual austenite content is about 3% 
and any significant differences among the thermal treatments were observed. This small austenite content could not 
be transformed even through the application of the cryogenic treatments, so it is considered not to have any negative 
effect during the forging process as it will not be susceptible of transforming during the service of the die. 
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Table 3. Tensile properties of the H13 steel after different thermal treatments. 
Thermal treatment TT1 TT2 TT3 TT4 
E (GPa) Mean 208 210 211 211 
Standard deviation  ±5 ±5 ±6 ±6 
Vys (MPa) Mean 1303 1265 1255 1253 
Standard deviation  ±5 ±9 ±4 ±10 
VUTS (MPa) Mean 1497 1469 1464 1469 
Standard deviation  ±2 ±7 ±3 ±10 
e (%) Mean 16.8 14.2 12.1 18.0 
Standard deviation  ±0.9 ±1.0 ±1.8 ±1.3 
Z (%) Mean 38.8 41.8 43.4 41.3 
Standard deviation  ±0.4 ±1.8 ±1.8 ±2.2 
 
Table 4. KIC fracture toughness of the H13 steel after different thermal treatments. 
Thermal treatment TT1 TT2 TT3 TT4 
KIC fracture 
toughness (MPam1/2) 
Mean 54.8 67.1 62.3 77.4 
Standard deviation ±1.7 ±5.7 ±1.5 ±6.6 
 
Table 5. Rockwell C hardness for each thermal treatment. 
Thermal treatment Surface Quarter thickness Half thickness Average hardness 
TT1 44.0 44.5 42.4 43.6 
TT2 42.9 43.7 44.1 43.6 
TT3 42.5 43.8 44.0 43.4 
77 42.1 44.3 43.0 43.1 
 
Table 6. Retained austenite content depending on the thermal treatment. 
Thermal treatment TT1 TT2 TT3 TT4 
Retained austenite Content (%) 2.9 2.8 3.6 3.4 
Error (%) ±2.4 ±2.2 ±2.4 ±1.5 
 
4. Discussion  
Hardness and tensile mechanical properties do not differ significantly among the four treatments, being 
nevertheless TT1 the one that gave the highest yield strength and ultimate tensile strength, as shown in Table 3. 
However, significant differences have been observed in the fracture toughness. According to Table 4, TT1 provided 
the lowest fracture toughness, whereas TT4 offered the highest one. Additionally, in terms of fracture toughness, it 
is relevant to remark the positive effect of the cryogenic treatments. Both TT2 and TT4 respectively gave rise to a 
22.5 and a 24% increase related to their respective treatments without the cryogenic phase, TT1 and TT3. 
Furthermore, comparing TT4 with TT1, a 41% fracture toughness increase was derived. In the same way, the 
quenching media also affected the toughness of the steel due to the effect of the cooling rate, being oil a more severe 
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quench medium than gas: oil quenching (TT3 and TT4) allowed to attain  higher toughness than gas quenching (TT1 
and TT2). 
SEM analysis, focused on the starting zone of the fracture growth from fatigue pre-crack, is reported in Fig. 1 
(the bottom of the figures corresponds to the fatigue crack and the top of them to the crack growth that gave way to 
the sudden breakage of the fracture specimens). Fracture pattern observation revealed the existence of ductile 
micromechanisms (nucleation, growth and coalescence of microcavities) just at the beginning of the crack growth. 
The initial crack blunted, generating a plastic zone in the crack front before the complete breakage of the specimen. 
Although, all the specimens had a brittle fracture (cleavage), the higher fracture toughness observed in those thermal 
treatments provided with a cryogenic stage was directly linked with the higher plasticity produced in the crack front, 
being this fact especially relevant in the TT4 treatment.  
 
  
  
  
Fig. 1. General view at 500x of the crack growth from the pre-crack: a) TT1, b) TT2, c) TT3 and d) TT4. 
Microstructural analysis by optical microscopy revealed, as expected, the presence of a tempered martensite 
microstructure, with fine, spherical and homogeneously dispersed carbides. In order to justify the fracture toughness 
results, samples were analyzed under 100000x in the FEG-SEM microscope. Fig. 2 reveals the fine and well 
distributed chromium carbides precipitated in this steel during the tempering treatments. It seems clear that the 
precipitated carbides after the TT1 treatment (Fig. 2.a) have a coarse and sometimes elongated appearance, whereas 
the TT4 microstructure (Fig. 2.b) shows a finer and a more uniform carbide distribution.  
According to Senthilkumar et al. (2011) and Amini et al. (2012), cryogenic treatments give rise to the 
transformation of austenite to martensite and provide additional stresses that generate a high internal stress state. As 
a result, a high density of defects is produced and the martensite, supersaturated in carbon, gets instable. Carbon 
atoms jump to these defects given rise to the acceleration of carbide nucleation during tempering, resulting in a fine 
and homogeneously dispersed carbide distribution. Moreover, cryogenic treatments finally lead to a higher carbide 
volume fraction, tempered martensite will have less carbon and it will be tougher, as Molinari et al. (2001) and 
Koneshlou et al. (2011) have pointed out in their investigations. 
 
 
a) 
c) 
b) 
d) 
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Fig. 2. H13 steel microstructure under 100000x (FEG SEM). a) TT1 and b) TT4. 
5. Conclusions 
Tensile mechanical properties and hardness of the H13 steel have hardly changed for the four applied thermal 
treatments, so the effect of the cryogenic treatments (TT2 and TT4) has been non-significant. Anyway, TT1 led to 
the highest yield strength and ultimate tensile strength values. 
On the other hand, it is relevant to remark the positive effect of the cryogenic treatments in the fracture toughness 
of the steels. TT2 (gas) and TT4 (oil) give respectively way to a 22.5% and a 24% increase related to their 
corresponding treatments without the cryogenic phase, TT1 and TT3. Quenching media also affected the toughness 
of the steel due to the effect of the cooling rate: oil quenching allowed attaining a higher toughness than gas 
quenching. Fracture toughness improvement was due to the existence of a larger plastic zone in the crack front, 
where a ductile fracture micromechanism took place, before the final brittle fracture of the toughness specimens. 
Quenched and tempered H13 steel has a martensitic microstructure with well dispersed and finely distributed 
carbides. High resolution FEG-SEM analysis concluded that cryogenics generate a high internal stress state that 
activate the carbide nucleation in the first phases of tempering, resulting in a much finer and evenly distributed 
precipitation which also give rise to a martensite with less carbon, so consequently tougher, at the end of the heat 
treatment. 
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